Background/Aims: Tropomyosin-2 (TPM2) plays important roles in functions of the cytoskeleton, such as cytokinesis, vesicle transport, cell proliferation, migration and apoptosis,and these functions imply that TPM2 also plays a role in cancer development. Indeed, it has been shown that TPM2 plays a critical role in some cancers. However, the role of TPM2 in breast cancer is still poorly characterized. Thus, we explored the role of TPM2 in breast cancer. Methods: We analysed TPM2 expression and its correlation with the clinicopathological features in breast cancer. Then, we examined the influence of hypoxia on TPM2 expression and methylation status using bisulfite sequencing PCR. Furthermore, we performed TPM2-mediated migration and invasion assays in the context of hypoxia and examined changes in matrix metalloproteinase-2 (MMP2) expression. Finally, we detected the influence of TPM2 on survival and chemotherapy drug sensitivity. Results: We found that TPM2 expression is down-regulated in breast cancer cells compared to that in normal breast cells. The data from TCGA supported these results. Promoter methylation of TPM2, which could be induced by hypoxia, was responsible for its low expression. Hypoxia might regulate cell invasiveness partly by TPM2 down-regulation-mediated changes of MMP2 expression. Importantly, low TPM2 expression was correlated with lymph node metastasis (P=0.031), tumour node metastasis stage (P=0.01), histological grade (P=0.037), and shorter overall survival (P=0.028). Univariate and multivariate analyses indicated that TPM2 was an independent predictor in breast cancer patients. Paclitaxel chemotherapy did not benefit patients with low TPM2 expression (P<0.0001). TPM2 knockdown significantly reduced cell sensitivity to paclitaxel. Conclusion: TPM2 is a potential novel tumour suppressor gene in breast cancer. TPM2 is associated with poor survival and chemoresistance to paclitaxel in breast cancer, and TPM2 may represent a promising therapeutic gene target for breast cancer patients with chemoresistance.
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Introduction
Breast cancer is the most common malignant tumour in women and one of the most common causes of cancer death worldwide [1] . Although we have greatly improved the treatment for breast cancer patients, some breast tumours become chemoresistant, which dramatically affects patient outcome. Identifying novel genes that are clinically significant for the progression and chemoresistance of breast cancer is critical for evaluating prognosis and treatment of this disease. Although many genes might become prognostic indicators of breast cancer [2, 3] , some tumour suppressors have been used for molecular targeted therapy [4] .
The role of hypoxia in regulating cancer cell invasion and metastasis by influencing the composition of the extracellular matrix has been reported [5] . However, the pathway influencing extracellular matrix remains incompletely explored. DNA hypermethylation is associated with hypoxia and reduces the activity of oxygen-dependent ten-eleven translocation enzymes [6] . Cancer cells from many different human tumours exhibit changes in DNA methylation involving both global hypomethylation and local hypermethylation of CpG-rich gene promoters [7, 8] . Hypermethylation of promoter CpG islands implies an important mutation-independent mechanism for inactivation of tumour suppressor genes by gene silencing in cancer cells [9] , which ultimately contributes to oncogenesis.
Tropomyosins (TPMs) are a family of actin-binding proteins that stabilize and integrate actin microfilaments and are expressed with a high degree of tissue specificity [10] [11] [12] . Studies show that several cytoskeleton functions, such as cytokinesis, vesicle transport, cell proliferation, migration and apoptosis, are distinctly influenced and regulated by TPM isoforms [13, 14] . Moreover, the expression of high molecular weight (HMW) TPMs could reverse stress fibre formation and transform characteristics in most cases, which suggests the tumour suppressor activity of TPM2 and TPM1 [14, 15] . In a recent study, TPM2 was defined as a potential diagnostic biomarker of colorectal cancer [16] . Overexpression of TPM2 suppresses cell proliferation and migration in colorectal cancer cell lines, whereas down-regulated TPM2 is associated with increased tumour proliferation and migration in vitro [17] . However, the role of TPM2 and its regulatory mechanism in breast cancer remain unclear.
Effective chemotherapy can prolong the lives of cancer patients. However, chemoresistance poses a major obstacle to the successful use of drugs in the treatment of cancer [18] . Paclitaxel is an antimitotic agent that binds to microtubules, thereby stabilizing them against depolymerization and inhibiting cell replication by disrupting normal mitotic spindle formation [19] . The effectiveness of paclitaxel in the treatment of many human cancers has been proven [20, 21] . TPM2, a cytoskeleton-associated protein, appears to be associated with sensitivity to cisplatin in the breast cancer cell line MCF7 [22] ; nonetheless, the influence of TPM2 on paclitaxel remains largely unknown.
In the present study, we first verified TPM2 (TPM2.1 isoform) expression in 48 breast cancer tissues and matched normal tissues. Then, we conducted an immunohistochemical (IHC) study of TPM2 protein expression using a tissue microarray for 410 breast cancer tissues and 185 normal adjacent tissue samples. We then elucidated the mechanism underlying the down-regulation of TPM2 in breast cancer cells in vitro. Finally, we detected the influence of TPM2 on survival and chemotherapy drug sensitivity in breast cancer patients.
Materials and Methods

Compliance
With written informed consent forms, tissue samples were obtained from all participating patients, following the relevant protocol approval by the Ethical Committee of Harbin Medical University. The experimental procedure involving patient samples was conducted in accordance with the guideline approved by the Harbin Medical University Institutional Review Board.
Breast cancer patient specimens and clinical features
All surgical specimens were collected with patient consent and an approved protocol at the Harbin Medical University Cancer Hospital, Harbin, China. Tissues were obtained from 185 patients with normal adjacent tissues and 410 patients with histologically confirmed breast cancer. Fresh cancer tissues and their matched normal tissues from 48 patients were collected and stored at -80°C immediately after resection to extract protein and RNA. The inclusion criteria included the presence of primary, unilateral and operable invasive breast cancer in addition to available data at the initial diagnosis and clinical follow-up. The exclusion criteria included locally advanced disease with recurrent tumour, metastatic disease, other tumours and previous neoadjuvant treatment. Tumour tissues and normal adjacent breast tissues were examined diagnostically by two pathologists.
All patient specimens were subjected to IHC for the oestrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER-2), P53 and Ki67. IHC-positive staining for ER and PR was considered as greater than or equal to 10% nuclei staining in the invasive component of the tumour [23] . The intensity of the anti-HER2 staining was divided into four grades from 0-3, such that 0 was negative, 1 was slightly positive, 2 was indeterminate and 3 was positive, as previously reported [24] . Fluorescent in situ hybridization (FISH) was used for all grade 2 samples [25] . Individual samples with ≥14% of Ki67+ tumour cells were considered high-proliferation samples [26] . The invasiveness of the cancers was determined according to the Scarff-Bloom-Richardson system. Tumour-node-metastasis (TNM) stage was evaluated according to the AJCC Cancer Staging Handbook. Individual breast cancer patients were also characterized as molecular subtypes on the basis of previously validated clinicopathological criteria [27] .
Follow-up
All patients were followed up every 3-6 months for the first five years and every 12 months thereafter, while the clinical and pathological records of all patients in the study were also reviewed regularly for analysis. Patients were followed for at least five years at the Harbin Medical University Cancer Hospital until death. The overall survival (OS) was evaluated, and the survival time was defined as the period from the date of diagnosis to the date of death or the study closing date.
DNA extraction, bisulfite sequencing PCR (BSP)
BSP is the standard for DNA methylation detection. The selective chemical reaction of sodium bisulfite with cytosine versus 5-methylcytosine (5-MeC) residues is the key to the bisulfite protocol for determining DNA methylation. Methylation of a CpG site is indicated by mCpG. Bisulfite modification converts cytosine to uracil in DNA strands. Following PCR amplification, the uracils are amplified as thymines, whereas 5-MeC residues are amplified as cytosines [28] .
Genomic DNA was isolated from T47D and MCF7 cells incubated in standard or hypoxic conditions using an AxyPrepTM Multisource Genomic DNA Miniprep Kit (Axygen Scientific, San Francisco, USA) following the manufacturer's instructions. DNA was bisulfite-converted using the EZ DNA MethylationGold kit (Zymo Research, Orange, USA) and amplified using the MegaMix Gold 2× mastermix and validated primer pairs. A portion of the PCR products (1 to 5 µl) was cloned into the pTG19-T (Lot：GV6021) vector. Colonies were selected and expanded in liquid culture. Seven validated clones were sequenced at a depth of ~500× by the GENEray biotechnology library (Shanghai, China). Each CpG island was considered to be methylated when ≥ 4 of sequenced clones exhibited conservation of the cytosine.
Tissue microarrays and immunohistochemistry staining
The breast cancer tissue microarray (TMA) for each tissue sample was acquired from paraffin blocks using a thin-walled needle with an inner diameter of 2 mm to create holes. The IHC detection of TPM2 was performed on each slide. Each section was then incubated with TPM2 (TPM2.1 isoform) rabbit polyclonal antibody solution (OriGene, TA321952).
Evaluation of TPM2 protein expression
The proportion and staining intensity of TPM2 were evaluated in a series of 10 randomly selected highpower fields (magnification x400), which were considered a representation of the average. The intensity of the IHC staining was graded as 0 (no staining), 1 (weak staining = light yellow), 2 (moderate staining = yellow brown) and 3 (strong staining = brown). The proportion of positively stained tumour cells in a field Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry was scored as 0 (no positive tumour cells), 1 (fewer than 10% positive tumour cells), 2 (10-50% positive tumour cells) and 3 (more than 50% positive tumour cells) [29] . The staining index (SI) for each sample was obtained by multiplying the intensity and proportion extension values, with a score of less than 4 being classified as low expression.
Cell culture and drug susceptibility experiments
As control cell lines, MCF7 and T47D were cultured in DMEM medium (Invitrogen, Carlsbad, CA) containing 10% foetal bovine serum (FBS) at 37°C with 5% CO 2 and 21% O 2 . To create hypoxia cultures, cells were incubated with an atmosphere of 1.0% O 2 , 5.0% CO 2 and 94.0% N 2 . The two cell lines were also treated with (30 µM, 48 h) HIF-1 specific blocker (SC205346; Santa Cruz, CA, USA) in hypoxia culture and (8 µM, 72 h) 5-Aza-2′-deoxycytidine (5-Aza-dC; Sigma). UACC-812 and BT-549 were cultured in 1640 medium (Invitrogen, Carlsbad, CA) containing 10% FBS at 37°C with 5% CO 2 . All cell lines were purchased from Chinese Type Culture Collection, Chinese Academy of Sciences. The cells were used for experiments in the logarithmic growth phase.
UACC-812 and BT-549 cells were cultured in a 96-well plate for 24 h, and different concentrations of paclitaxel were added (0, 2, 4, 8, 16, 32 µg/L) up to half the maximal inhibitory concentration (IC 50 ). The solution was mixed to IC 50 . Transfected cells (scramble and knockdown) were treated with the same concentration of paclitaxel. After treatments, the medium was removed, after which 90 µl of RPMI1640 and 10 µl of CCK-8 were added. The plated cells were incubated for 1 h, and then the absorbance at a wavelength of 450 nm was measured on an automated reader. The inhibition rate (IR) was calculated. IR = [(OD control group -OD experimental group)/OD control group] × 100%. We presented the data as the mean ± standard deviation from five replicate wells per microtiter plate and analysed the IR using a t-test. P values <0.05 were considered statistically significant.
Cell migration and invasion assay
The migration and invasion assays were performed in 24-well cell culture inserts (Corning) fitted with a PET membrane (8 µm pore size). The inserts for invasion assays were coated with 30 µL of Matrigel matrix at 37°C for 1 h. Transfected cells were plated in medium without serum in the top chamber of a transwell. The bottom chamber contained 600 µL RPMI 1640 medium with 10% FBS. After incubating for 24 h at 37°C, the cells that had migrated to the lower surface of the membrane were fixed with 4% methanal, stained with crystal violet and photographed under a microscope. Cell numbers were counted under a light microscope at × 200 magnification.
Western blot analysis
The cells were lysed in lysis buffer. Thirty µg of sample protein was separated by SDS-PAGE (10% gels) and transferred onto a 0.22 µm polyvinylidene fluoride (PVDF) membrane. The proteins were probed with TPM2 (OriGene, TA321952), HIF-1 (Wanleibio, China) and MMP2 antibodies (Wanleibio). The bound antibodies were detected using the ECL Western Blotting Detection system. Internal reference of protein loading was assessed using β-actin (mouse anti-β-actin, Zhong Shan Xin Qiao, China). Every experiment was conducted three times. We compared the relative grey value between the proteins of interest and the loading control and analysed differences using a t-test. P values <0.05 were considered statistically significant.
Real-time qPCR
RT-qPCR was performed using the ABI 7500 Fast sequence detection system (Applied Biosystems, Foster City, CA, USA) and FastStart Universal SYBR Green Master (ROX) reagent (Roche Applied Science, Mannheim, Germany) following the manufacturers' instructions. The results of the RT-qPCR experiments were calculated using the 2 -ΔΔCт method with minor revision. The main primers in these experiments are listed (for all online suppl. material, see www.karger.com/doi/10.1159/000487162) in Suppl. Table S1 .
Public data analysis
The TPM2 promoter region and first exon region were predicted in http://genome.ucsc.edu/(UCSC). The CpG island was predicted in http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi. The TPM2 expression and DNA methylation data of breast cancer were downloaded from TCGA (https://tcga-data.nci.nih.gov/).
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Statistical analysis
All the analyses were performed using statistical software (SPSS 17.0 for Windows). A χ 2 test was used to determine the association between TPM2 expression and patients' clinicopathological features. A t-test was used to evaluate the intergroup difference. Survival curves were plotted using the KaplanMeier method, and differences were assessed using the log-rank test. The influence of different variables on survival was assessed using the Cox univariate and multivariate regression analyses. Risk ratios (RR) and their 95% confidence intervals (CIs) were recorded for each marker. P values <0.05 were considered statistically significant.
Results
TPM2 is down-regulated in breast cancer
TPM2 mRNA expression was examined in tumour and normal tissues using RT-qPCR. The mean TPM2 expression value of mRNA in cancer tissues (0.266325±0.46163, normalized by GAPDH gene expression) was significantly lower than the TPM2 expression value (0.67564±0.96855) for the corresponding normal tissues (Fig. 1A, P=0 .0005). Western blotting assays showed that TPM2 exhibited low expression in cancer tissues compared with normal tissues (Fig. 1B) . TPM2 protein expression in 410 human breast cancer tissues and 185 normal adjacent tissues was examined by IHC. Representative images of the TPM2 IHC staining are shown in Fig. 1C . The protein levels of TPM2 were significantly decreased in cancer tissues relative to normal adjacent tissues (Fig. 1D, P<0.0001) .
Furthermore, data from the TCGA were applied to confirm the mRNA expression of TPM2 by RNA-seq. As expected, mRNA expression of TPM2 in breast cancer tissues was significantly lower than in normal tissues for TCGA (Fig. 1E, P<0.0001) . Collectively, TPM2 expression was down-regulated in breast cancer.
Hypoxia down-regulates the expression of TPM2 in breast cancer
To examine the influence of hypoxia on TPM2 expression, we carried out RT-qPCR analysis of MCF7 and T47D cells incubated in hypoxic conditions for increasing amounts of time. When 
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incubation time was prolonged, TPM2 expression was gradually inhibited ( Fig. 2A, 2B ). We used mRNA levels of genes encoding fructose-bisphosphate aldolase (ALDOA) and E1B 19K/Bcl-2-binding protein Nip3 (BNIP3), two established hypoxia marker genes, as positive controls (Fig.  2C, 2D ) [30] . Next, we treated T47D and MCF7 cells in hypoxia with the HIF-1 specific inhibitor, SC205346 (30 µM), in order to determine whether blocking HIF-1 would reverse the influence of hypoxia. TPM2 expression was reversed in both the T47D and MCF7 cell lines following treatment with the HIF-1 specific blocker for 48 h (Fig.  2E) . We used western blotting to detect the blocking efficiency in these assays (Fig. 2F) .
Promoter methylation of TPM2 is responsible for the low expression of TPM2
We used BSP to check CPG-rich TPM2 promoter and exon 1 methylation status of the cells incubated in hypoxia for comparison with the cells incubated in standard conditions. The base sequences of the TPM2 promoter and exon 1 are listed, see supplementary material, in Suppl. Table S2 . We detected the regions for four sections using BSP. For MCF7 cells, D1 and D3 increased CpG methylation sites in hypoxia. For T47D cells, the D1 section increased one CpG methylation site, while D4 increased six CpG methylation sites in hypoxia (Fig. 3A) . When blocking HIF-1 in hypoxia incubation, the changes of promoter and exon 1 methylation status in the two cell lines were reversed (Fig. 3A) . We infer that hypoxia may down-regulate the expression of TPM2 by increasing promoter methylation. Microarray data from TCGA hMethyl450 showed that TPM2 expression was gradually down-regulated with an increasing level of methylation status (Fig. 3B) . BSP is the standard for DNA methylation analysis, as this method defines the methylation state of individual cytosine residue in the target sequence at single-molecule resolution. We sequenced multiple clones to confirm our results. Methylation status participates in determining the morphological phenotypes of cells. There are cell-type and gene specific mechanisms for regulation of methylation patterns within CpG-rich gene-related regions [31] , so methylation sites in T47D and MCF7 appear to be different.
Next, we used the demethylating agent 5-Aza (8 µM) to treat T47D and MCF7 cells in order to determine whether blocking promoter methylation resulted in increased TPM2 expression. TPM2 expression increased significantly in both the T47D and MCF7 cell lines following treatment with 5-Aza for 72 h (Fig. 3C, 3D ). We used P16 and CST6 as positive controls in these assays [32, 33] .
TPM2 protein expression is associated with breast cancer progression
We investigated the associations between the expression level of TPM2 and various clinicopathological characteristics in breast cancer patients, including age; tumour size; Upon blocking HIF-1 in hypoxia incubation, the changes of promoter and exon 1 methylation status in both cell lines were reversed. (B) Microarray data from TCGA hMethyl450 showed that TPM2 expression was gradually down-regulated with increasing levels of methylation status. (C, D) TPM2 expression increased significantly in both MCF7 and T47D cell lines following treatment with 5-Aza (8 μM) for 72 h. We used P16 and CST6 as positive controls in these assays. *, P<0.05; **, P<0.01; ***, P<0.001. 
Hypoxia promotes migration and invasion partly by TPM2 down-regulation-mediated changes in matrix metalloproteinase-2(MMP2) expression
RT-qPCR and western blot analysis detected TPM2 mRNA and protein in most of the breast cancer cell lines (Fig. 4A, 4B) . To validate the effect of hypoxia and TPM2 expression on metastasis, we chose the previous cell lines T47D and MCF7, as well as UACC-812, which had relatively high expression of TPM2. We knocked down the expression of TPM2 with lentivirus-shRNA and then used western blotting to verify the knockdown efficiency (Fig.  4C) .
Hypoxia and TPM2 down-regulation resulted in increased migration and invasion of the three cell lines when compared to controls (Fig. 4D) . TPM2 down-regulation-mediated invasion assays were performed in the context of hypoxia, and our findings showed that the migration and invasion were partly enhanced in these conditions (Fig. 4D) . To determine the possible mechanism by which hypoxia and TPM2 regulated the migration and invasion of breast cells, western blot analysis was performed to investigate the effects of hypoxia and TPM2 knockdown on MMP2. Both hypoxia and TPM2 knockdown induced marked upregulation of MMP2 expression compared with normoxia. Combining hypoxia with TPM2 knockdown, partly enhanced the up-regulated expression of MMP2 (Fig. 4E) . Thus, hypoxia might regulate cell invasiveness partly by TPM2 down-regulation-mediated changes of MMP2 expression. 
TPM2 expression is related to poor survival in breast cancer patients
We used KaplanMeier OS curves to determine the effects of TPM2 expression on patient survival. The data showed that the 5-year OS rate in patients expressing low levels of TPM2 was significantly lower than in patients with high TPM2 expression (P=0.028, Fig. 5A ). Univariate and multivariate survival analyses were performed to evaluate the influence of TPM2 and clinicopathological factors on the prognosis of patients with breast cancer. Univariate hypoxia analyses of OS using a Cox regression analysis identified TPM2 expression (P=0.033), LNM (P<0.0001), PR status (P=0.014) and Ki67 status (P<0.0001) as significant prognostic predictors. Other features had no prognostic value. A multivariate analysis of OS using a Cox regression analysis found that TPM2 expression (P=0.034), Ki67 status (P=0.012), PR status (P=0.027) and LNM (P<0.0001) were independent prognostic factors ( Table 2 ). The present study found that low TPM2 expression is associated with poor outcomes in invasive breast cancer.
Paclitaxel chemotherapy does not benefit patients with low TPM2 expression
We also used the Kaplan-Meier OS curves to determine the effects of chemotherapy treatment with or without paclitaxel in the TPM2 low-expression group (Fig. 5B) . A total of 259 patients out of the 337 patients displayed low TPM2 expression. In the group of patients with low TPM2 expression (n=259), paclitaxel treatment was less effective than treatment without paclitaxel (P<0.0001). This finding has strong clinical implications and indicates that chemotherapy programmes with paclitaxel may not be effective but harmful in patients with low TPM2 expression.
Down-regulation of TPM2 expression significantly reduced cell sensitivity to paclitaxel
To validate the reliability of the statistical conclusion, we carried out cell experiments. We used the cell lines UACC-812 and BT-549, which had relatively high expression of TPM2, to measure the difference of drug sensibility between control and experimental groups. The knockdown efficiency was verified by western blot (Fig. 4C) . We determined the IC50 of parental cell lines for paclitaxel. The paclitaxel IC50 concentrations for UACC-812 and BT-549 were 31.0 µg/L (Fig. 6A ) and 20.8 µg/L (Fig. 6D) , respectively. We cultured cell lines (control and experimental groups) with 1640 medium containing the same concentration of paclitaxel and then calculated the growth inhibition ratio of drugs in different cell groups.
We found that down-regulated expression of TPM2 significantly reduced cell sensitivity to paclitaxel (Fig. 6B-F) .
Discussion
Altered expression of TPM2 may be common in various tumour types and cancer cell lines [34] ; however, the significance of TPM2 in breast cancer has not been investigated. To the best of our knowledge, this is the first study to assess the significance of TPM2 expression in breast cancer, although other studies have also reported the down-regulation of TPM isoforms in a number of transformed cell types and cancers [35] . In this study, we demonstrated that TPM2 expression at both mRNA and protein levels in breast cancer tissues were lower than those in normal tissues. The data from TCGA support this conclusion.
Some studies have suggested that Ras signalling pathways play an important role in TPM down-regulation. Ras signalling consecutively activates Raf/MAPKKK, MEK/MAPK and ERK/MAPK to activate transcription factors that regulate cell growth [36] . Ras-transformed cells usually show down-regulated expression of TPM [37] [38] [39] . Some studies have indicated that TPM down-regulation is ERK-dependent in Ras [37] or Jun-transformed cells [34] . By contrast, other studies have suggested that this effect is both MEK-and ERK-independent [38] . In our study, we found that hypoxia affected the methylation status of TPM2 promoters and exon 1 and thus contributed to the down-regulation of TPM2 expression. When blocking HIF-1 during hypoxia incubation, the changes in the two kinds of cells were reversed. Meanwhile, blocking promoter methylation by treating T47D and MCF7 cells with the demethylating agent 5-Aza resulted in increased TPM2 expression. These findings indicate that promoter methylation and exon 1 are responsible for low TPM2 expression. The data from TCGA hMethyl450 showed that down-regulation of TPM2 expression was correlated with an increasing level of methylation status. However, the precise mechanisms involved need to be studied further.
Some studies suggest that TPMs are regulators of cell migration and invasion. Migration of cells involves distinct actin filament structures, such as the actin stress fibres, filopodia, actin-meshwork and podosomes [40, 41] . However, a number of studies have examined the distribution of TPMs in migration-associated actin filaments, which play an important role in cell migration. Several HMW TPMs are associated with stress fibres [42] . The cancer cell cytoskeleton that is required for many essential functions is disorganized and has a reduced capacity to form specific actin filament populations. This dysfunction is consistent with a reduced expression of TPM isoforms [14] . In the present study, TPM2 expression in cancer cells was correlated with TNM stage (P=0.01) and histological grade (P=0.037). Interestingly, compared with LNM status (P=0.031), the LNM number was markedly correlated with TPM2 expression (P<0.0001). Therefore, lower expression of TPM2 plays an important role in the migration and invasion of breast cancer cells. This is consistent with the results of previous studies on TPM2 [43, 44] . We performed TPM2 down-regulation mediated migration and invasion experiments for T47D, MCF7 and UACC-812 cells in the context of hypoxia and normoxia. Hypoxia promoted migration and invasion compared with controls. We knocked down TPM2 in breast cancer cell lines and detected the resulting effects on migration and invasion. Down-regulated TPM2 expression resulted in increased migration and invasion of T47D, MCF7 and UACC-812 cells when compared with controls. The ability of migration and invasion were enhanced partly by combining hypoxia with the down-regulation of TPM2. Furthermore, hypoxia and TPM2 knockdown induced marked up-regulation of MMP2 expression compared with normoxia. Thus, hypoxia may regulate cell invasiveness partly by TPM2 down-regulation-mediated changes of MMP2 expression, which is also a new pathway by which hypoxia regulates cancer progression.
We also found that patients with low levels of TPM2 expression had poorer OS (P=0.028), while TPM2 expression was an independent prognostic factor in breast carcinoma. In colorectal cancer, TPM2 was revealed to be a potential diagnostic biomarker in the iTRAQbased quantitative analysis of the cancer-derived secretory proteome [16] . Low expression of TPM2 is associated with RhoA activation and tumour proliferation in colorectal cancer cell lines [17] . These data suggest that low expression of TPM2 has a significant effect on the progression and oncogenesis of human breast cancer. Further studies are needed to confirm these correlations and to reveal the definitive mechanisms involved in breast cancer.
Chemoresistance, which leads to the failure of chemotherapy, is very common in the therapeutic process [8, 45, 46] . Thus, the development of effective chemotherapies is critical. The cytoskeleton plays a central role in many cell processes and thus is an attractive target for chemotherapy [47, 48] . Specifically, a major chemotherapy target is the microtubule system, which plays an important role in maintaining and regulating cell division [49] . Some studies reported that silencing TPM2 in MCF7 cells affected the stability of lysosomes and the cytoskeleton, thereby enhancing cisplatin-induced cell death [22] . Relevant drugs, such as paclitaxel and vinblastine, are commonly used to stabilize or destabilize microtubules. However, the development of drug resistance can greatly diminish the efficacy of these drugs [50] , which can be further hindered by the expression of mutated tubulins [51] . Because paclitaxel is one of the most used chemotherapy drugs in breast cancer, our OS analysis of patients with low TPM2 expression was separated into two groups based on whether or not chemotherapy treatment included paclitaxel. The prognosis of patients with paclitaxel-based chemotherapy treatment was worse than that of patients without paclitaxel treatment (P<0.0001), indicating that breast cancer patients with low TPM2 expression are insensitive to paclitaxel treatment. This result suggested that paclitaxel treatment should not be recommended for these patients. Cellular experiments verified that down-regulated expression of TPM2 significantly reduced the cell inhibition ratio to paclitaxel, which was consistent with statistical results. Paclitaxel resistance associated with the altered expression of specific β-tubulin isotypes was reported in epithelial ovarian tumours; however, the present study is the first to use TPM2 expression as a predictor of a contraindication to Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry paclitaxel treatment in breast cancer. Effectiveness of chemotherapy is necessary to increase patient survival while decreasing side effects, and our findings may provide the appropriate guidance regarding clinical medication. The current study is the first to evaluate the expression of TPM2 and its correlation with breast cancer prognosis; however, the current study has some limitations. For example, the follow-up period was not sufficiently long, and the expression status of TPM2 was not analysed in patients with distant metastasis sites. Furthermore, our study was retrospective and included a relatively small number of Chinese patients from a single centre. Nonetheless, our study identified a correlation between TPM2 expression and the survival, prognosis and drug susceptibility of patients with breast carcinoma. Further studies with a larger sample size and multiple centres are needed to verify the functional role and mechanisms of TPM2 in breast cancer.
In summary, low TPM2 expression is frequently found in breast cancer patients where it is associated with metastasis, poor survival and chemoresistance to paclitaxel treatment. Promoter methylation of TPM2, which can be induced by hypoxia, is responsible for low TPM2 expression. Hypoxia may regulate cell invasiveness partly by TPM2 down-regulation mediated changes of MMP2 expression, which is also a new pathway by which hypoxia regulates cancer progression. We conclude that TPM2 is a potential novel tumour suppressor gene in breast cancer. TPM2 is associated with poor survival and chemoresistance to paclitaxel in breast cancer, and TPM2 may represent a promising therapeutic gene target for the breast cancer patients with chemoresistance.
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